. The current obstacles to the preparation of designed dendrimer products are the lack of efficient synthetic approaches and the tedious purification procedures. Despite the widespread applications of boronic acid and related moieties in polymer chemistry, their corresponding dendrimer analogs are still rare. Currently, the most popular such analogs are the carborane-modified dendrimers, which are used for boron neutron capture therapy. 3 One of the difficulties in producing such analogs is the preparation of pure dendrimer compounds containing boronate/boronic acid.
Boronic acid is widely used in polymers to endow them with unique properties, including electron deficiency and a trigonal geometry. Due to these exclusive characteristics, polymers containing boronic acid have found various applications, including the selective recognition of glycoproteins 4, 5 and saccharides, 6 as insoluble supports for solid-phase synthesis, 7 as agents for the Suzuki reaction, 8 and as materials for solid-phase microextraction. 9, 10 The equilibrium between boronate and boronic acid has recently been D r a f t 4 Boronic acid is known to interact with nearby nucleophiles to afford various adducts.
Representative examples of such adducts include Wulff-type boronic acids 13 and carbonylcoordinating boronic acids, 14 formed through the reaction of boronic acid with amines and amides, respectively. Not only have both types of boronic acid analogs been reported to improve the formation of boronate, 15 the availability of amine-and/or amide-bound boronic acids have facilitated the carrying out of other reactions as well. This situation is more complicated in dendrimer chemistry, because of the presence of many nucleophiles within the dendrimer structure and the numerous branched structures that can host numerous molecules of boronic acid. Numerous nucleophiles and branched structures leads to the formation of various boronic acid analogues and results in various types of by-products in the product mixture. These intermediates and by-products hamper the efficient preparation and identification of pure boronic acid-containing dendrimers. Herein, we report the identification of hydrolyzed side-product during the preparation of boronic acid-decorated poly(amidoamine) (PAMAM) dendrimers and the identification of the corresponding hydrolytic compound as the major side-product.
Materials and methods

General procedure of synthesis
To the solution of PyBOP (0.51 g, 0.98 mmol), CPBA (0.16 g, 0.98 mmol), Et 3 N (0.13 mL, 0.98 mmol) in dry DMF (10 mL), after stirred 20 min, to the mixture was added the solution of (G:2)-dendri-PAMAM-(NH 2 ) 16 dendrimer (0.10 g, 0.03 mmol) in 0.1 % EtOH / DMF (11 mL). After the addition, the mixture was stirred at 40 o C for 3 days.
(G:2)-dendri-PAMAM-(CPBA) 14 G2-CPBA (3)
Compound 3 was prepared from (G:2)-dendri-PAMAM-(NH 2 ) 16 (2) The experiments were conducted at bandwidth in 10 (nm) and PMT high environment.
Dendrimer 3
0.25 mL of solution B (832 µM) was added 0.25 mL solvent to obtain 0. 
Results and discussion
To produce boronic acid-containing dendrimers, we chose poly(amidoamine) With the aim of improving reaction rate and product selectivity, a 4 Å molecular sieve was used to remove the water generated during the reaction, but no dendrimer 3 was found and only a 20% yield of compound 4 was collected, along with unidentified products (Table 1, entry 2). Increasing the reaction time to 30 days without adding 4 Å molecular sieve slightly increased the yield of compound 4 to 23%, again without any trace of dendrimer 3 ( that between 1 and 3, and the amidation was assumed to be the major reason for the shifts in each case. In addition, the 13 C NMR spectrum of 3 in aromatic region was observed to be similar to that of CPBA, and the 13 C NMR spectrum of 4 in aromatic region was found to be similar to that of HBA. As a result, we proposed 3 to be a CPBA-modified PAMAM dendrimer, and 4 to be a HBA-modified PAMAM dendrimer.
[ Figure 4 inserted here]
In addition to the NMR spectra, we also acquired and analyzed UV-Vis spectra for the investigated compounds. A local UV-Vis absorption maximum of 3 was observed at a wavelength of 235 nm, identical to the location of the maximum for CPBA (1). In contrast, no absorption maximum was found at this wavelength for 4, but instead at a wavelength of 253 nm, identical to the location of the absorption maximum observed for HBA ( Figure 5 ). These results provided additional evidence for the structures of 3 and 4 to be those shown in Figure   4 .
[ Figure 5 inserted here]
Furthermore, The IR spectrum ( Figure 6 ) of dendrimer 3 gave a characteristic absorption at 1344 and 1320 cm -1 which were corresponding to B-O stretching and C-B stretching, respectively. On the contrary, no similar absorption was recorded in the IR spectra of dendrimer 4. This observation indicated the absorbance of boronic acid moiety in dendrimer 3.
These results provided additional evidence for the proposed structures of 3 and 4.
[ Figure 6 inserted here] D r a f t 11 We also carried out Alizarin Red S (ARS) analysis. ARS is a commercial dye used for the detection of boronic acid. We modified the Wang's procedure and DMF was used here to improve the solubility of the tested dendrimers. The binding of boronic acid to ARS removed the active protons of ARS to abolish the fluorescence quenching. The ARS-boronic acid conjugate was previously shown to give a strong fluorescence emission at a wavelength of 565 nm. 17 The binding of boronic acid to ARS indeed produced such an emission in our current experiments. Fluorescence spectra of the mixture of ARS with either compound 3 or 4
were recorded and are shown in Figure 7 . To generate spectra whose fluorescence intensities can be appropriately compared, an ARS-to-dendrimer molar ratio of 1:10 was used in each case. The mixture of ARS with compound 3 yielded 40 times and 4 times of fluorescence emission than did 3 or ARS alone, respectively, suggesting the presence of boronic acid in compound 3. However, the intensity of the fluorescence emission at 524 nm of the mixture of ARS and 4 was 0.8% stronger than that of 4 alone. Remarkably, both samples generate maximum fluorescence emission at a wavelength of 524 nm. Hypothetically, the emission was generated from the phenol rather than the complex with ARS. This result indicated there was no boronic acid in 4. Taken together, these results showed 3 to be a CPBA-modified PAMAM dendrimer, and showed dendrimer 4 to be similar to 3 but to have a hydroxyl group instead of a boronic acid group as a substituent on the phenyl ring.
[ Figure 7 inserted here]
To further confirm the above-proposed structural relationship between dendrimer 4
and dendrimer 3, dendrimer 3 was treated with hydrogen peroxide (H 2 O 2 ). The H 2 O 2 treatment of 3 gave a product in 97% yield, and the 1 H NMR spectrum of this product ( Figure   S10 To identify the possible causes for this observation, we repeated the reaction that produced dendrimer 3 as shown in Table 1 , entry 1. Meanwhile, CPBA and dendrimer 3
were separately incubated using the same reaction condition. Furthermore, we carried out a set of similar reactions using a molecular sieve and this set of reactions were used as a reference. The corresponding hydrolytic products were identified using 1 H-NMR every day, and the results are shown in Table 2 and Figure 8 . The results clearly showed that only the coupling reaction generated a significant amount of hydrolytic product 4. (table 2, entry 6 and 7) In comparison, the incubation of both free CPBA and dendrimer 3 alone in the same reaction condition gave a smaller amount of the hydrolytic product. Presumably, the peripheral free amino groups on the PAMAM dendrimer facilitated the hydrolysis through a Wolff-type boronic acid intermediate. Presumably, these amino groups contributed to the formation of hydrolytic product 4 during the coupling reaction. Additional experiment in which CPBA and free dendrimer 2 were incubated in the same reaction condition without PyBOP gave 0.3% of hydrolytic product after 3 days. Accordingly, the hydrolysis proceeds after the implementation of CPBA to the surface of PAMAM dendrimer and PAMAM dendrimer cause no hydrolysis of free CPBA. Thereby, we assumed the number of amines and their proximity to boronic acid are two necessary factors leaded to the hydrolysis of boronic acid. Accordingly, at the beginning of synthesis, the introduced boronic acid was surrounded with massive number of amines in close proximity. This environment leads to the hydrolysis of boronic acid moiety. On the contrary, product 3 contained only two free amino groups yielded a dramatically decreased the formation of such an intermediate, and
did not catalyze the hydrolysis. Remarkably, the molecular sieve did accelerate the D r a f t 13 hydrolysis, except when only CPBA was used. We assumed the presence of trace amounts of metals such as alumina to be responsible for this observation ( Figure 7 ). 18 Remarkably, dendrimer 3 alone generated only 6 % (table 2, entry 2) and 30 % (table 2, entry 3) of the amount of hydrolytic product that CPBA alone (table 2, entry 4 and 5) generated in the same condition without and with a molecular sieve, respectively. This result suggested that the structure of PAMAM dendrimer without peripheral amino groups was able to protect peripheral boronic acid moieties from hydrolysis. 
Conclusion
In summary, we successfully synthesized (G:2)-dendri-PAMAM-(CPBA) 14 It was hard to separate 3 from 4 using chromatographic purification and the spectra of these two dendrimers are similar. Therefore, the identification of this hydrolytic defect is difficult in a dendrimer. Such hydrolytic reaction might be one of the causes of the batch-to-batch inconsistency in the preparation of boronic acid-containing dendrimers. The incubation experiments suggested the presence of peripheral primary amines to be the major driver of the hydrolysis. Accordingly, we expected more hydrolytic product shall be observed in higher generation of PAMAM dendrimers under the same reaction condition because of dense distribution of peripheral amino groups. The current work has furthered our understanding of the behavior of boronic acid in dendrimers, and has set the stage for the preparation of pure boronic acid-containing dendrimers as well as their development for further applications. 
